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In this study, we present the ﬁrst experimental results for stable barium (Ba) isotope (137Ba/134Ba)
fractionation during low-temperature formation of the anhydrous double carbonate BaMn[CO3]2. This
investigation is part of an ongoing work on Ba fractionation in the natural barium cycle. Precipitation at a
temperature of 21 ± 1◦C leads to an enrichment of the lighter Ba isotope described by an enrichment fac-
tor of −0.11 ± 0.06‰ in the double carbonate than in an aqueous barium-manganese(II) chloride/sodium
bicarbonate solution, which is within the range of previous reports for synthetic pure BaCO3 (witherite)
formation.
Keywords: ambient temperature; barium-134; barium-137; barium-manganese(II) double carbonate;
isotope effects; precipitation experiment
1. Introduction
Fractionation processes for non-traditional stable isotopes are among the most evolving isotope
research disciplines of the past decade [1]. Here, we report on new results in a developing and
exciting very recent ﬁeld: the fractionation of stable barium (Ba) isotopes [2].
Ba occurs essentially as a substitute for potassium in common constituents of rocks, such as
feldspars, or in discrete Ba-bearing minerals in ore deposits in the continents [3]. Weathering
in the continents leads to the release and further transport of dissolved and particulate Ba to
the ocean [3]. In the water column, dissolved Ba shows a nutrient-type behaviour [4], with a
relatively short residence time of about 11 kyr [5]. In sediments, discrete Ba-bearing minerals
such as barite (BaSO4) and witherite (BaCO3) may be formed [6–11]. Another source of oceanic
Ba is the hydrothermal solution that leads to the formation of Ba minerals in the mineral matrix of
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black and white smokers. Ba not only forms own minerals but may also substitute into the lattice
of other important biogenic and authigenic minerals, such as calcite or aragonite [12,13]. The
different biogeochemical pathways of Ba transport and reaction and the temporal or permanent
burial of Ba in solid phases, in particular, under low-temperature conditions, are still not fully
understood [14,15].
Therefore, based on the pioneering work of Nier [16] and Eugster et al. [17], stable Ba iso-
tope (137Ba/134Ba) fractionation has recently been introduced as a new isotope proxy for the
interpretation of reactions in the biogeochemical cycle of Ba [2]. In this study, it is shown thatmea-
surable differences exist between natural Baminerals of different origins, indicating that chemical,
physical, and/or biological fractionation processes for Ba isotopes do occur [2]. Since possible
biological interactions and inorganic processes, such as mineral precipitation, complexation, dif-
fusion, and/or sorption–desorption, are processes that potentially may induce mass-dependent
variations in the Ba isotope composition of aqueous and solid phases, an accurate application of
this new isotope tool on amechanistic level requires a careful calibration of fractionation processes
in experimental studies. Besides the more common minerals, the Ba-bearing double carbonate
norsethite (BaMg[CO3]2) forms in a large variety of environments, for example, in sediments,
hydrothermal andmetamorphic settings, and carbonatites [18–22].Norsethite is of particular inter-
est because of its structural similarity to the rock-forming mineral dolomite (CaMg[CO3]2) [23].
Experimental evidence exists for the stability of BaMn[CO3]2 under a wide range of temperature
and pressure conditions [24–26]. This carbonate is isostructural with norsethite [24,25,27]. In the
present study, we present results on stable Ba isotope fractionation during the formation of the
double carbonate BaMn[CO3]2 at ambient temperature. There are ﬁrst hints for the occurrence of
this carbonate in nature; however, it is expected that future (re)search will be successful in other
suboxic and anoxic environments, essentially sulphate-free natural ones [25].
2. Materials and methods
The double carbonate BaMn[CO3]2 was synthesised at ambient temperature (21◦C ± 1; 1 atm
total pressure), as described earlier [25], from an aqueous solution that was initially 0.17M in
barium/manganese(II) chloride and 0.28M in sodium bicarbonate. In the experiment, deionised
water in a DURAN glass bottle was deoxygenated with an inert gas (N2) and p.a.-grade Merck
chemicals (in the order: NaHCO3, BaCl2 · 2H2O, and MnCl2 · 4H2O) were subsequently dis-
solved in the agitated solution under a continuous stream of nitrogen gas. The mother solution
and precipitate were then allowed to react for 10 days in a closed bottle. At the end of the
experiment, the pH was measured with an ion-selective electrode (Mettler Toledo InLab Basics
electrode and Schott handylab pH11 meter), and the precipitate was immediately separated from
the experimental solution via membrane ﬁltration (0.45μm diameter pore widths), washed with
deionised water, and dried in an oven at 60 ◦C. SEM-EDX analysis conﬁrmed the 1:1 stoichiome-
try, and further powder X-ray diffraction and micro-Raman and FTIR spectroscopy conﬁrmed the
formation of a well-crystalline stoichiometric double carbonate [25]. The double carbonate was
accompanied by co-precipitated rhodochrosite (MnCO3).An aliquot of the aqueous experimental
solution was acidiﬁed (p.a.-grade HNO3) and the concentrations of the dissolved cations were
measured after appropriate dilution by ICP-OES (Thermo, iCAP 6300 Duo) with accuracy and
precision better than 3 and 6%, respectively [28]. At the end of the experiment, the pH was 5.9
and the dissolved Ba/Mn ratio was about 16. For stable isotope analysis, the BaCl2 used in the
experiments was dissolved in deionised water, whereas the carbonate precipitate was dissolved in
distilled 2.5M hydrochloric acid. For multi-collector (MC)-ICP-MS measurements, aliquots of
the mother solution were strongly diluted with 0.5M HNO3 to a Ba concentration of 0.25 ppm.
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Furthermore, the mixtures of dissolved Mn nitrate and the Ba reference standard (Ba(NO3)2
solution, described below) with different Mn/Ba ratios were prepared to evaluate potential matrix
effects resulting from the dissolved Mn2+ originating from the solid carbonate.A Ba double spike
(masses 130 and 135) was added to the aliquots of the solutions. Subsequently, the homogenised
solutions were evaporated and re-dissolved in 0.5M HNO3. Stable isotope measurements were
performed on a double focusing Nu instrument MC-ICP-MS equipped with 12 ﬁxed Faraday
cups (and three ion counters) in static mode as described in detail in [2]. Before analyses, the
plasma was run for at least 2 h to achieve the stable measurement conditions. Ba masses 137
and 134 were selected as two of the seven natural Ba isotopes. 129Xe and 131Xe were selected
to monitor Xe interferences on Ba. Xe correction was applied to the Ba masses 130 and 134.
Generally, relative 130Xe interferences on 130Ba are less than 0.06%. Xe correction was tested to
be sufﬁciently precise [2]. Tellurium can cause isobaric interferences on 130Ba. However, there is
no source for Te in the experiments. Mass 128 (Te and Xe) was monitored by ion counting. After
Xe interference correction, no detectable signal remained. Data acquisition comprised 3–4 blocks
of 10 cycles per measurement (corresponding to 8–12min). The measured solutions contained
approximately 0.23 ppm of the component. Measurements consume about 1ml of the solution,
thus the total Ba amount needed was 230 ng. The Ba blank was constantly <0.04 ng. As outlined
in detail earlier [2], the four stable Ba isotopes chosen for the double spike (masses 130 and 135)
and the analysis of isotope partitioning (masses 134 and 137) were selected to suit the present
MC-ICP-MS and also possible future TIMS analyses.
The measured Ba isotope ratios are given according to
δ137/134Ba[‰] =
(
(137Ba/134Ba)sample
(137Ba/134Ba)standard
− 1
)
× 1000
Figure 1. δ137/134Ba (‰) plotted versus the atomic manganese: Ba ratio of the solutions of the Ba(NO3)2 standard
spiked with different Mn2+ concentrations. The data indicate that there is no measurable matrix effect imposed by the
Mn2+ present in the solutions. The precipitated carbonate had an Mn2+/Ba2+ ratio of about 3.
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relative to a Ba(NO3)2 standard solution. The international IAEA standards IAEA-SO-5 and
IAEA-SO-6 and IAEA-CO-9 have δ137/134Ba values identical within the errors to this solution [2].
The external reproducibility (2σ ) of the standard solutions was better than <0.1‰. To achieve
the resolution necessary for the present study, each solution was measured at least twice, and the
2σ error was calculated. No signiﬁcant matrix effects from Mn2+ could be observed (Figure 1).
3. Results and discussion
For the formation pathway of BaMn[CO3]2 at 21◦C from aqueous solutions, we suggest a
replacement scenario, according to
Mn2+(aq) + CO2−3(aq) −→ MnCO3 ↓ (1)
and
MnCO3 + Ba2+(aq) + CO2−3(aq) −→ BaMn[CO3]2 ↓ . (2)
Also, direct precipitation of the double carbonate from the aqueous solutions cannot be ruled out.
The pathway will depend on the initial boundary conditions (e.g. Ba/Mn ratios). For instance, for
experiments on carbonate precipitation frommixedMg-bearing solutions, Böttcher [29] described
the alteration of an X-ray amorphous gel to crystalline BaMg[CO3]2.
The formation of the double carbonate was accompanied by an enrichment of the lighter Ba iso-
tope in the solid phase than in the aqueous solution (Table 1). During the experiment, BaMn[CO3]2
was formed besides MnCO3 (rhodochrosite). The large Ba cation should not be incorporated as
a solid–solution component of MnCO3 exceeding trace amounts [11]. In agreement with predic-
tions, only very minor Ba was observed in the co-precipitated rhodochrosite using SEM-EDX [2],
which may be caused by Ba attached to the surface of MnCO3 or some intergrowths of MnCO3
with the double carbonate. No indication of a co-precipitation of pure orthorhombic BaCO3 was
found using Rietfeld reﬁnement of powder X-ray diffraction patterns, Raman and FTIR spec-
troscopy, and fresh oven-dried precipitates [2]. Therefore, the double carbonate is considered as
the sole sink for Ba, and the change in aqueous Ba concentrations can be used to derive an isotope
enrichment factor from the experimental results. Considering an isotopically closed system [30],
the Ba isotope enrichment factor between the double carbonate and the aqueous solution is deﬁned
by a Rayleigh equation [31]:
ε[‰] = − (δ
137/134BaBaMn[CO3]2 − δ137/134BaBa2+,aq◦)
(f ln f )/(1 − f ) . (3)
The δ137/134BaBaMn[CO3]2 and δ137/134BaBa2+,aq◦ values are the time-integrated solid-phase compo-
sition and the initial isotope composition of the aqueous solution, respectively. f is the residual
fraction of Ba2+ remaining in the solution. The application of Equation (1) to the data given in
Table 1. Isotope composition ratio of barium chloride used to prepare
the initial aqueous Ba solution and versus the precipitated BaMn[CO3]2.
Sample δ137/134Ba (‰)
BaCl2 · 2H2O −0.01 ± 0.01 (n = 2)a
BaMn[CO3]2 −0.09 ± 0.05 (n = 3)
Notes: n, number of measurements. The probability that the BaCl2 · 2H2O and
BaMn[CO3]2 data represent a single population is below 10% (based on t-test).
aFrom [2].
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Figure 2. Ba isotope enrichment factors for the experimental precipitation of orthorhombic BaCO3 (witherite) from
aqueous solutions as a function of estimated precipitation conditions and temperature [2] compared with the results of
this study on the double carbonate BaMn[CO3]2.
Table 1 with an observed f value of 0.51 yields an isotope enrichment factor of −0.11 ± 0.06‰
(Figure 2).
It is evident that Ba isotopes are fractionated during the precipitation of anhydrous carbonate
solids, enriching the lighter isotope in the solid than in the aqueous solution and that the mag-
nitude is not constant for different boundary conditions. Regarding experiments forming pure
orthorhombic BaCO3 from Na-bicarbonate solutions (Figure 2), the results obtained for the dou-
ble carbonate are lower in magnitude than those obtained for slowly precipitated witherite, but
closer to the results obtained for witherite precipitation at relatively fast rates. This may indicate
that under the chosen experimental conditions using aqueous bicarbonate solutions, the formation
rate of the double carbonate is between those applied previously for BaCO3. However, besides the
precipitation rate, the mineral-speciﬁc fractionation factor and/or the speciation in the aqueous
solution may also inﬂuence isotope discrimination.As noted earlier [2,32], the divalent Ba cations
are hydrated in aqueous solution and may also form ion pairs with the bicarbonate and carbonate
ions. Therefore, differences in the pH values of speciﬁc experiments may have inﬂuenced the
concentrations of available ligands in the solution, but also at the solution–solid interface. Hof-
mann et al. [33], for instance, suggested an impact of ion desolvation on kinetic metal isotope
fractionation, a process that certainly will be inﬂuenced by the composition of the aqueous solu-
tion. The ﬁrst experimental data on witherite and barite formation in the presence of methanol
modifying the solvation state of the ions and solid surface [32] actually indicate a small impact
on Ba isotope discrimination (Böttcher et al., unpublished). However, the precipitation rate may
have been inﬂuenced under these conditions as well [32]. Further work will have to determine the
role of isotope discrimination during the reaction progress as well as boundary conditions such as
temperature, solution concentrations, and precipitation rate.As soon as the calibrations of isotope
discriminations have been carried out, the degree of isotope discrimination into Ba-bearing solids
may be used to deduce the conditions of carbonate formation.
It should be noted that our results on Ba isotope fractionation support previous investigations
on other earth alkaline isotope systems. Calcium, magnesium, and strontium isotope effects, for
instance, have been observed previously during calcite and aragonite formation from aqueous
solutions [34–37]. As in the case of Ba, it was observed experimentally and in the ﬁeld that the
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lighter isotopes are enriched in the solids than in the dissolved cations and that the magnitude
depends on the precipitation rate and solid-phase structure. This preferential incorporation of the
lighter isotopes has been interpreted as a result of dehydration of the cation, reaction kinetics, or
an entrapment of the lighter isotope at the carbonate surface [36,38].
4. Conclusion
In the present study, it was found that the formation ofBaMn[CO3]2 from aqueous solution at 21◦C
and 1 atm total pressure gave an isotope enrichment factor within the range of previous reports for
the precipitation of pure witherite from carbonate- or bicarbonate-bearing solutions at the same
temperature. Further work focuses on the processes responsible for Ba isotope discrimination
and the effects of physico-chemical boundary conditions and the actual formation pathway on
the basic mechanisms. It was found and predicted for Ca, Mg, and Fe(II) isotopes in different
carbonate systems [1,39] that, besides factors such as reaction kinetics, the composition and
crystal chemistry of the solid inﬂuence isotope partitioning – systematics that will be investigated
now for Ba isotopes in more detail.
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